Abstract: Antipsychotic-induced weight gain is a serious side effect of antipsychotic medication that can lead to increased morbidity, mortality, and non-compliance in patients. Numerous single nucleotide polymorphisms have been studied for association with antipsychotic-induced weight gain in an attempt to find genetic predictors of this side effect. An ability to predict this side effect could lead to personalized treatment plans for predisposed individuals, which could significantly decrease the prevalence and severity of weight gain. Variations in the serotonin receptor 2c gene (HTR2C) have emerged as promising candidates for prediction of antipsychoticinduced weight gain. Specifically, the well-studied −759C/T promoter polymorphism has been associated with weight gain in diverse populations, although some studies have reported no association. This discrepancy is likely due to heterogeneity in study design with respect to ethnicity, treatment duration, and other variables. Notably, the association between HTR2C and antipsychotic-induced weight gain appears strongest in short-term studies on patients with limited or no previous antipsychotic treatment. Other, less extensively studied promoter polymorphisms (−697C/G, −997G/A, and −1165A/G) have also emerged as potential predictors of antipsychotic-induced weight gain. Conversely, the well-studied intronic polymorphism Cys23Ser does not appear to be associated. With further research on both HTR2C and other genetic and environmental predictors of antipsychotic-induced weight gain, a predictive test could one day be created to screen patients and provide preventative or alternative treatment for those who are predisposed to this serious side effect.
Introduction
Antipsychotics treat a variety of psychotic disorders and represent the primary treatment for schizophrenia. Among the classes of antipsychotics, most newer (atypical) antipsychotics produce fewer extrapyramidal side effects than older (typical) antipsychotics, but many are associated with weight gain that can dramatically affect patient quality of life. 1 This induced weight gain can lead to obesity, resulting in increased morbidity and mortality. Additionally, the social stigma associated with obesity further isolates patients suffering from mental illness and leads to decreased compliance with treatment. 2 The etiology of antipsychotic-induced weight gain remains largely unknown. Nonetheless, interesting findings have been obtained, for example, animal studies conducted by Kim et al, 3 implicating the histamine H 1 receptor-linked activation of hypothalamic AMP-kinase in weight gain induced by antipsychotics. Another interesting observation is that the variable propensity of patients to gain weight while on antipsychotic medication, and the concordance of atypical submit your manuscript | www.dovepress.com
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Wallace et al antipsychotic-induced weight gain in monozygotic twins and sibling pairs, suggests a strong genetic component. 4 However, the current literature suggests that antipsychotic-induced weight gain is likely to depend on a variety of both genetic and environmental factors. Thus, antipsychotic-induced weight gain is likely to represent a complex phenotype with an unknown number of implicated genes involved, each with probably small to moderate effect sizes.
The identification of genetic variants that suggest a risk for antipsychotic-induced weight gain could contribute to treatment personalization based on genetic profile. Patients found to be at high risk for antipsychotic-induced weight gain could be prescribed a medication with a lower propensity to cause weight gain or could receive preventive treatment (such as behavioral intervention or a pharmacological adjunct). 5 Identifying genetic polymorphisms associated with antipsychotic-induced weight gain could shed light on the proteins involved and allow the mechanism of antipsychotic-induced weight gain to be elucidated, potentially leading to the development of novel drug treatments. In an attempt to find such genetic predictors, many polymorphisms in biological systems associated with drug metabolism, weight regulation, and antipsychotic action have been studied for association with antipsychotic-induced weight gain over the past 15 years. In these studies, variations in the serotonin (5-HT) receptor 2c gene (HTR2C), located at Xq24, have thus far emerged as promising genetic findings with respect to antipsychoticinduced weight gain and with replications in independent samples. In this review, the authors will summarize those studies published until Fall 2010 and discuss limitations as well as future perspectives.
The role of 5-HT 2C receptors in antipsychotic action and weight regulation 5-HT 2C seems to be affected both in the mechanism of action of many antipsychotic drugs and in energy homeostasis. Atypical antipsychotics are mostly distinguished from typical antipsychotics by increased serotonin receptor antagonism 6 and they generally cause substantially more weight gain than typical antipsychotics. 7 Clozapine and olanzapine, which cause the most substantial weight gain, both strongly bind to 5-HT 2C . 8, 9 Agonists of 5-HT 2C have been shown to decrease food intake 10 whereas antagonism of this receptor causes an increase in food intake. 11 Mice deficient in 5-HT 2C develop hyperphagia leading to obesity. 12 Diets rich in fat have been associated with decreased HTR2C mRNA expression in rats; 13 in mice, hyperphagia has been associated with increased mRNA expression in the hypothalamus. 14 Additionally, it has been shown that 5-HT 2C receptors might be involved in the anorexigenic effects of leptin. 15, 16 Nonetheless, the agonist dexfenfluramine, which was withdrawn from the pharmaceutical market due to severe side effects, has been demonstrated not only to bind to 5-HT 2C receptors but also to cause its anorexigenic effect in rodents by 5-HT 2B activation. 17 In humans, the selective 5-HT 2C agonist lorcaserin 18 caused significantly more weight loss than placebo during 1 year; 19 however, due to the fact that only 47.5% of the lorcaserin-treated patients lost 5% weight or more, one could argue that 5-HT 2C modulation alone may not be sufficient to cause significant weight loss and that other regulatory systems may be highly involved in appetite and weight control as well.
Consequently, gene variants in HTR2C have been investigated relatively extensively in the past years, with 18 articles now published. One of the first HTR2C gene variants to be investigated was the coding Cys23Ser variant first characterized by Lappalainen et al. 20 This polymorphism has yielded mostly negative results. In contrast, the −759C/T has yielded many significant findings and some recent significant associations have also been reported for the −697C/G variant.
Accumulating evidence for antipsychotic-induced weight gain and −759C/T polymorphism
Overall, there is compelling evidence supporting the role of the −759C/T (dbSNP: rs3813929) polymorphism in antipsychotic-induced weight gain (see Table 1 ). To date, eight independent studies have found the variant T allele or variant genotype to have a protective effect against antipsychotic-induced weight gain. [21] [22] [23] [24] [25] [26] [27] [28] However, seven other studies have found no significant association. [29] [30] [31] [32] [33] [34] [35] Despite the positive studies, the inconsistency of the results needs to be investigated in detail. The discrepancy is likely due to the heterogeneity of studies investigating the −759C/T polymorphism. In fact, two recent meta-analyses have found the −759C allele to be associated with risk of antipsychotic-induced weight gain but have also described significant heterogeneity among the ten studies each metaanalysis investigated. 36, 37 Relevant variables such as treatment duration, ethnicity, and medication varied substantially among studies, as did measures of weight gain and control for covariates.
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European populations have been the most frequently studied and in five of seven studies a protective effect of the T allele has been found, suggesting a significant effect in this population. 21, 22, 24, 25, 28 One of the two negative studies used the phenotype obesity instead of percent weight gain as their outcome measure, possibly limiting the interpretation of their results. 31 In summary, the −759C/T polymorphism appears to be most consistently associated in European populations, with promising findings also in the less studied Asian populations (see Table 2 ). Overall, more research is needed to substantiate these results in Europeans and further test this association in other populations.
Antipsychotic prescribed
Most studies investigating the role of −759C/T in antipsychotic-induced weight gain have studied patients treated with olanzapine and clozapine, These two atypical antipsychotic medications are frequently studied due to their high propensity to induce weight gain. 1 Interestingly, all three studies investigating patients treated primarily with medications other than clozapine and olanzapine have also found a significant association between −759C/T and antipsychoticinduced weight gain. 23, 26, 27 These results suggest the T allele has a protective effect against the more moderate weight gain caused by risperidone and chlorpromazine, as well as 
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HTR2C and antipsychotic-induced weight gain against the substantial weight gain seen in clozapine-and olanzapine-treated patients (see Table 2 ).
Treatment duration
The most prominent difference between studies reporting a significant protective effect of the T allele and studies reporting no significant association is the duration of observed treatment-induced weight changes (see Table 2 ). The majority of studies investigating patients with short-term treatment (1-2 months) found that −759C/T was associated with antipsychotic-induced weight gain [21] [22] [23] [24] [26] [27] [28] while only one study with a shorter treatment duration found no significant association between −759C/T and antipsychotic-induced weight gain. 29 Conversely, of the five studies investigating patients treated for at least 2 months, only two found a significant association between HTR2C and antipsychoticinduced weight gain. 25, 28 However, Templeman et al 28 found a protective effect of the −759T allele also at 6 weeks, as well as after 3 and 9 months; nonetheless, this study included first-episode patients where the association with the 5-HT 2C gene may be more pronounced as well. The study by Miller et al 25 reported a significant effect after 6 months only when using a 7% cut-off threshold and in a multiple linear regression, whereas change in kilograms and change in BMI only revealed non-significant trends.
Taken together, these results suggest that −759C/T polymorphism may exert its effect mostly on antipsychoticinduced weight gain in the short term. This may at least partially explain some of the inconsistent findings across studies.
Previous treatment
The potential confounding effects of prior antipsychotic treatment are not well characterized and are often not well controlled for; in fact, it has been suggested that the most substantial weight gain occurs in antipsychotic-naïve patients. 38 Therefore, differences in previous treatment among patient populations may partially account for the discrepancy of results among studies. Four studies in firstepisode, antipsychotic-naïve, or atypical antipsychotic-naïve patients found a significant positive association between the −759C allele and antipsychotic-induced weight gain, 22, 23, 26, 28 and only one study in mainly first-episode patients did not find such an association. 30 Of four studies done in chronic or treatment-resistant patients with a long history of previous antipsychotic treatment, only one found −759T to have a protective effect against weight gain.
25 These findings are consistent with treatment duration data showing that the −759C/T polymorphism may account for more of the variation in weight gain at the onset of antipsychotic treatment (see Table 2 ).
environmental and lifestyle factors
Many other factors have the potential to affect weight regulation in patients taking antipsychotic medication. Due to logistic limitations, no studies specifically measured relevant variables such as metabolic rate, caloric intake, and exercise level of patients. Instead, studies focusing on hospital inpatients, who often have balanced diets and relatively similar activity levels, can be used to remove some of the variation due to diet and exercise. Noncompliance may also be a less significant issue in inpatients. Six studies have been conducted in inpatients with relatively similar exercise options receiving nutritionally balanced hospital meals. Five of these studies found a significant association with antipsychoticinduced weight gain [21] [22] [23] 26, 27 and one found no association. 
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These results suggest that −759C/T is a stronger predictor of weight gain in patients who are less affected by heterogeneous variables such as unbalanced meals and varied exercise levels (see Table 2 ).
Summary for −697C/G
Two studies have investigated −697C/G (rs518147) for association with antipsychotic-induced weight gain. One study of 107 European atypical-naïve patients treated with olanzapine found the C allele to be protective against a 10% increase in BMI (P , 0.001), an effect that was still significant in the subgroup of 36 antipsychotic-naïve patients (P = 0.008). A high linkage disequilibrium (LD) was also found with −759C/T. 22 Mulder et al 31 also investigated this polymorphism for association with obesity in European antipsychotic-treated patients but they found no association with this polymorphism. Due to the initial positive result the −697C/G remains a promising candidate for further study (see Table 3 ).
Summary for Cys23Ser
Ten studies have investigated the role of Cys23Ser (rs6318, 68G/C) (see Table 4 ). Of these studies, only one found an association with antipsychotic-induced weight gain. 34 Therefore, although it is able to be assumed that factors such as lack of power to detect association findings for Cys23Ser contribute to those mainly negative findings, published studies today indicate no major impact on antipsychoticinduced weight gain of that polymorphism.
Additional polymorphisms studied
Five other polymorphisms in the HTR2C gene have been investigated for association with antipsychotic-induced weight gain (see Table 5 ). Mulder et al 31 investigated three novel polymorphisms for association with obesity in a sample of 127 primarily European atypical antipsychotictreated patients. This study found the C allele of rs1414334 to be associated with obesity likely related to antipsychotic treatment, but found no association with −997G/A (rs3813928) or the HTR2C:c.1-142948(GT)n 13 repeat. Notably, −997G/A and −759C/T were found to be in complete LD, as were the repeat polymorphism c.1-142948(GT)n and −697C/G. Another study also investigated −997G/A along with −1165A/G (rs498207) for association with body weight gain in a sample of 128 European patients treated mainly with clozapine and olanzapine. This study found a marginal association among the −1165A allele (P = 0.049) and the −997G allele and weight gain (P = 0.038); it also described a high LD between the HTR2C polymorphisms investigated. 24 A repeat polymorphism [(GT)12-18/(CT) 4-5] was found to be in weak LD with Cys23Ser and −759C/T was not associated with weight gain in 139 African-American patients. 29 Both −997G/A and −1165A/G are promoter polymorphisms, suggesting a further role of HTR2C promoter variation in antipsychotic-induced weight gain.
Summary of haplotype studies
Haplotype analysis has been conducted in four studies (see Table 6 ). De Luca et al 29 investigated haplotypes of −759C/T, Cys23Ser, and a [(GT)12-18/(CT) 4-5] repeat polymorphism, and found the C-Ser-long haplotype to be associated with increased weight (P = 0.042). However, these results should be taken with caution due to the small number of patients (n = 13) with this haplotype. Gunes et al 39 investigated a haplotype of −759C/T, −697C/G, and Cys23Ser and found that patients with the C-C-Ser haplotype had a higher BMI (P = 0.029). They also found obese patients were more likely to have the C-G-Cys haplotype (P = 0.015). Opgen-Rhein et al 24 found the A-G-C haplotype of −1165A/G, −997G/A, and −759C/T to be over-represented in patients gaining more than 7% of their body weight after 6 weeks of treatment (P = 0.0049). Additionally, Godlewska et al 22 found haplotypes of −759C/T and −697C/G to be associated with weight gain (P = 0.001). However, due to the different polymorphism combinations analyzed in each study, comparison is limited. Nonetheless, significant results further suggest that the HTR2C gene variants are associated with antipsychotic-induced weight gain and implicate a need for further studies including HTR2C haplotypes.
Functional studies
Some of the study results presented thus far bear the limitation that the functional relevance (eg, altered gene expression, altered protein conformation, altered mRNA stability, and so forth) of the polymorphisms remains unknown to date. Studies that investigated polymorphisms with known functional relevance should therefore be given more attention. To date, five studies have investigated the functional effects of HTR2C promoter variants. In two neuroblastoma cell lines, Hill and Reynolds 40 investigated haplotypes containing −997G/A, −759C/T, and −697C/G polymorphisms as well as the GT dinucleotide repeat polymorphism at −1028 varying from 11 to 21 repeats in length. They found −697C or −759T allele containing haplotypes decreased promoter activity. No effect was observed for the other two polymorphisms. Conversely, haplotypes containing either the −997A/−759T or −697C polymorphisms have been associated with increased activity. 41 Additionally, Buckland et al 42 associated the −759T and −997G alleles with increased transcriptional activity in vitro. McCarthy et al 43 found no significant difference between the major haplotype and haployptes containing −759T and −697C in humans, but they did find that haplotypes containing −759C and −697C showed a 21% decrease in activity in vitro. Two studies have also found the length of the GT repeat to have no effect on transcription rate. 42, 44 It has been hypothesized that an increased HTR2C transcription, leading to a more active 5-HT 2C system, might be protective against antipsychotic-induced weight gain, since subjects may be less sensitive to the metabolic changes caused by the medication. 45 Conversely, Hill and Reynolds submit your manuscript | www.dovepress.com
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Wallace et al 47 observed an altered baseline activity and receptor response in vitro caused by the 23Ser variant and concluded that the polymorphism might be highly relevant for regulation of human behavior and antipsychoticinduced weight gain. In summary, it remains unclear whether the Cys23Ser variant alters the functionality of the HTR2C gene. Other factors such as post-transcriptional editing and splicing of HTR2C mRNA will also needed to be analyzed. 48 Further functional studies are required to determine potential effects of HTR2C variants.
Conclusions
Polymorphisms in HTR2C have emerged as likely contributors to antipsychotic-induced weight gain. In particular, the −759C allele has shown a positive association with antipsychoticinduced weight gain in several independent studies. The inclusion of diverse populations with varied ethnicity, prescribed medication, and previous antipsychotic exposure may explain some of the inconsistencies. 37 Notably, this association appears primarily important in the early course of weight gain and in patients with limited prior exposure to antipsychotic medication.
In addition, the promoter polymorphisms −697C/G, −997G/A, and −1165 A/G have also emerged as potential predictors of antipsychotic-induced weight gain, both in early association studies and in functional studies of promoter haplotypes. However, the relatively well-studied exonic Cys23Ser polymorphism does not appear to be associated with weight gain.
Taken together, studies in HTR2C polymorphisms suggest a significant association of HTR2C promoter polymorphisms with antipsychotic-induced weight gain. However, given the findings in the meta-analyses and the notion that antipsychotic-induced weight gain is supposedly a complex phenotype, the effect sizes of the HTR2C polymorphisms are rather small and on its own, HTR2C is unlikely to be used for predictive testing in the clinic.
Future perspectives
Personalized medicine is increasingly becoming a promising tool for the treatment of a wide range of diseases. The ability to predict treatment response using genetic and clinical variables will allow for individualization of treatment where outcome (response) can be maximized for each patient and harmful side effects can be avoided.
Antipsychotic-induced weight gain remains a concerning side effect of most atypical antipsychotic treatments due to the secondary health issues and the decreased patient compliance it causes. Currently, few reliable clinical and demographic risk factors have been established for antipsychotic-induced weight gain, but genetic studies are beginning to converge on specific genetic polymorphisms that are associated with this side effect. Polymorphisms in HTR2C, most notably the −759C/T polymorphism, have emerged as likely contributors to antipsychotic-induced weight gain. Promising early findings regarding the −697C/G polymorphism have also been reported. Although the −759C/T polymorphism will likely contribute to the creation of a clinical algorithm to guide antipsychotic treatment, it is unlikely that this individual polymorphism will explain enough of the variation to predict side effect profile on its own. Therefore, further research is needed to examine novel markers in the 326kb spanning HTR2C gene. Among others, a promising strategy will be to perform next-generation sequencing in order to assess the entire variability of this gene. Such a strategy is likely to unravel yet more variants that, although rare, may have large effect sizes. In addition, epigenetic analyses addressing DNA methylation and histone acetylation are warranted along with micro-RNA analyses and RNA editing, in order to incorporate DNA sequence-independent mechanisms impacting on the expression of the 5-HT 2C gene.
Further, studies investigating antipsychotic-induced weight gain should ideally be conducted using prospective designs, assessing weight as a quantitative measure (eg, changes in kilograms) corrected for initial body weight and in initial (or early) phases of antipsychotic exposure.
With this research, an algorithm incorporating multiple polymorphisms and clinical variables could in the future obtain the predictive power to determine individual patients at risk for antipsychotic-induced weight gain and allow for medication selection to avoid this devastating side effect.
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